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ABSTRACT
Red algae demonstrate significant phenotypic plasticity and convergent evolution,
making morphological species identification difficult. Microscopic members of this
lineage further complicate identification by their limited number of morphological
features. An unidentified red algal epiphyte (minute in size and composed of a few
cells) was discovered growing on another red alga (Camontagnea oxyclada) collected
in Stanley, Tasmania, Australia. This organism was originally detected as
contamination during routine DNA barcoding surveys. Genetic data facilitates the
discrimination between morphologically similar red algae, including this unique
sample of Camontagnea oxyclada with its unknown red algal epiphyte. The objective
of this research was to sequence commonly used phylogenetic markers (cox1, cob,
rbcL, psaB, psaA, psbA) from both the host and epiphyte to place them in a wider red
algal phylogenetic context, and to annotate the organellar genome contigs of the host
and epiphyte.
DNA was extracted for the combined red algal host and epiphyte using a microphenol-chloroform method and sequenced on the Illumina Miseq platform. The
phylogenetic markers for each organism were then located and aligned within a
concatenated data set. Phylogenetic placement of the organisms was determined using
Bayesian and maximum-likelihood methods. The robust placement of the host,
Camontagnea oxyclada, as a sister genus to Rhodothamniella in the Palmariales,
Nemaliophycidae, was confirmed. The epiphyte, on the other hand, was firmly allied
as a sister to the genus Ballia, Balliales, also within the Nemaliophycidae, but at a

large genetic distance. A new florideophyte order will be created to classify the novel
alga.
The organellar genome contigs of the host and epiphyte were annotated, after de
novo assembly, from the Miseq data, referencing currently available Florideophycean
genomes from Genbank. The majority of the mitochondrion (mtDNA) and plastid
(ptDNA) genomes were recovered as several contigs, for both the host and the
epiphyte. A total of 25 protein encoding genes and 20 transfer RNAs (tRNAs) were
recovered for the host mitochondrion genome. The epiphyte had 12 protein encoding
genes and 14 tRNAs recovered. The unique arrangement of the cox1 gene is conserved
across the host and epiphyte in the mtDNA. Additionally, 178 protein coding genes
and 29 tRNAs were recovered for the host plastid genome, and 161 protein coding
genes and 25 tRNAs were recovered for the epiphyte plastid genome. For both the
host and epiphyte ptDNA the segment of DNA from the chlL-chlN genes through the
ycf60-rps6 genes, just before the ribosomal RNAs, was inverted when compared to the
Calliarthron tuberculosum plastid genome.
The phylogenetic placement of this new epiphyte in the red algal tree of life has
helped to uncover a potentially new order and further clarify red algal diversity. The
mitochondrion and plastid contigs of the host and epiphyte provide insight into
organellar genome evolution in red algae as a whole and specifically within the
Nemaliophycidae where both organisms group phylogenetically.
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CHAPTER 1

INTRODUCTION

Red algae are approximately 1.2 billion years old (Cole & Sheath 1990) and arose
through primary endosymbiosis (Moreira et al. 2000). Currently, there are about 7,000
known species of red algae, or Rhodophyta, the majority of which are marine (Guiry
& Guiry 2016). Red algae are known for their ecological value, especially as primary
producers, and are a major source of food for marine herbivores. They also provide
structural habitat for a variety of marine organisms (Kain & Norton 1990). Coralline
red algae aid in building and maintaining coral reefs, which are home to diverse
groups of organisms (Marsh 1970; Rosler et al. 2016). Being able to identify the
microscopic, in addition to the macroscopic, species of red algae that exist around the
world will allow for a better understanding of marine biodiversity.
However, there are difficulties when trying to identify and classify red algal
species using morphological characters. Red algae, similar to other algal groups,
exhibit intraspecific morphological variation, phenotypic plasticity, and convergent
morphological evolution (Cianciola et al. 2010; Leliaert et al. 2014; Lürling 2003;
Verbruggen 2014). Identifying microscopic red algae is inherently more difficult than
their macroscopic counterparts, for several reasons. First, they have smaller quantities
of DNA per organism, since there are fewer cells compared with macroalgae. Thus,
efficient DNA extraction is essential to minimize DNA loss in the process. Second,
microscopic algae typically have fewer morphological characters to use for
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comparison, sometimes necessitating laborious advanced microscopy techniques.
Third, many macroscopic red algae have a microscopic stage in their life cycle and
separating new species from life stages of recognized macroalgae can be difficult in
cases where the life cycle of a species is not completely understood. A well-known
example of this was the mistaken identity of Conchocelis rosea as a unique species.
Kathleen Drew rectified this in 1949, when she discovered that Conchocelis rosea was
not a unique species, but a phase in the life history of Porphyra umbilicalis (Drew
1949). However, genetic data facilitates the differentiation between morphologically
similar red algae. Within the past several years novel methods have been developed to
analyze minute quantities of DNA from freshly acquired microscopic samples. Since
the increased use of molecular data and phylogenetic analysis for identification, many
cases of cryptic of red algal species have been revealed (Kucera & Saunders 2012; Le
Gall & Saunders 2010; McIvor et al. 2001; Popolizio et al. 2013; Schneider et al.
2005, 2007, 2008, 2010, 2011, & 2014; Saunders 2008; Zuccarello & West 2003).
Additionally, molecular data have been fundamental in the process of clarifying the
phylogenetic relationships of red algae (Le Gall & Saunders 2007; Verbruggen et al.
2010; Yoon et al. 2006).
The Rhodophyta form an evolutionarily distinct group that is further divided
into classes. Two of these classes, the Bangiophyceae and the Florideophyceae, group
together to form a monophyletic clade, which encompasses the majority of red algal
species (Yoon et al. 2006). Despite several studies (Harper & Saunders 2002;
Saunders & Hommersand 2004; Verbruggen et al. 2010; Yoon et al. 2006) that have
examined the red algal tree of life (TOL) there are orders with poorly resolved
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phylogenetic placement within these two large classes (Bangiophyceae and
Florideophyceae) (Saunders et al. 1995; Verbruggen et al. 2010). These studies
constructing the red algal TOL have helped to highlight future research priorities
focusing on untangling species relationships within the red algal TOL.
Within the Florideophyceae there are several subclasses comprised of a variety
of orders. Of the subclasses, the Hildenbrandiophycidae resolves as sister to the
remaining taxa, and the Rhodymeniophycidae is the most recently diverged. The
Nemaliophycidae, encompassing approximately 900 species, is the second most basal
of the Florideophycean subclasses (Figure 1; Verbruggen et al. 2010). Recently, Lam
et al. 2016 examined the phylogenetic relationships of the Nemaliophycidae to assess
the relationships of the orders and species contained within the subclass. Within the
Nemaliophycidae, the Batrachospermales and Thoreales group basal, with the
Balliales diverging in the middle, and the Nemaliales, Entwisleiales, Colaconematales,
Palmariales, and Acrochaetiales encompassing some of the most recently diverged
orders (Figure 1).
An unclassified red alga was discovered living epiphytically on another red
alga collected at Stanley Breakwater in Stanley, Tasmania, Australia by Dr. Gary
Saunders via SCUBA. The epiphyte is composed of eight to twelve cells and is found
attached all over the host thallus (Figure 2). Preliminary sequence data indicated that
the host was Camontagnea oxyclada, which was recently robustly placed within the
Palmariales as a sister lineage to Rhodothamniella floridula (Lam et al. 2016). The
epiphyte was not readily identified when it was collected because its morphology did
not fit within known red algal orders. The life cycle of this alga is not known,
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preventing morphological identification via reproductive structures, which are a
significant characteristic when determining taxonomic placement. An additional
possibility is that this epiphyte is a life cycle stage of a known entity. Many small
epiphytes exist in the red algae, especially within the Acrochaetiales and
Colaconematales. However, this organism does not share the characteristic of being
composed of branched filaments, which is common to the known species in those
families (Harper & Saunders 2002).
DNA extraction and subsequent sequencing were used to obtain gene sequences
commonly used for phylogenetic analysis from the mystery epiphyte and host. These
gene sequences (phylogenetic markers) were then used to place these organisms
within the broader red algae context. Additionally, the mitochondrial and plastid
genome contigs of the host and epiphyte were assembled and annotated.
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CHAPTER 2

METHODS

Sample Collection
The only sample for this study was one collection of Camontagnea oxyclada
with an unidentified red algal epiphyte growing on it (Figure 2). This sample in the
Lane Lab represents approximately two grams of material. This sample was obtained
from Dr. Gary Saunders at the University of New Brunswick, Canada, who collected
the sample via SCUBA at Stanley Breakwater in Stanley, Tasmania, Australia. The
specimen was placed into a vial of silica gel to preserve the DNA via rapid
desiccation, for its use in molecular analysis (Chase & Hills 1991).

DNA extraction & sequencing
For the sample collected in Tasmania, Australia, the micro-phenol-chloroform
protocol (an organic DNA extraction) currently in use in the Lane Lab was used to
extract the total DNA (Saunders 1993). For the micro-phenol-chloroform DNA
extraction protocol, approximately 150 mg of host material with the epiphyte attached
was placed into a 1.5mL centrifuge tube along with 500µl of red algal buffer and
ground (Saunders 1993). Then, 50µl of 10% Tween-20 and 5µl of proteinase K
(100ng/mL) were added to the centrifuge tube before it was placed on the rotator for
1.5hr. Post rotation, 500µl of 25:24:1 phenol:chloroform:isoamyl alcohol was added to
the tube, and the tube was gently inverted and centrifuged for 5 min before the
aqueous layer was transferred to a new centrifuge tube. This step was repeated twice
5

more replacing the phenol:chloroform:isoamyl alcohol with 24:1 chloroform:isoamyl
alcohol. Next, twice the final volume of ethanol was added to the final transferred
aqueous layer along with 1/10 total volume of the ethanol mixture in 3M sodium
acetate. After storage at -20°C overnight the precipitated DNA was spun at 10,000 rcf
in an Eppendorf 5430 centrifuge for 30 min to pellet the DNA. Ethanol washes were
performed to clean up the DNA by removing excess salts and leftover proteins. 190µl
of cold 70% ethanol was added to the tube; inverted to mix, and spun for 15 min. The
ethanol was then pipetted off, replaced with 100µl of cold 100% ethanol, spun for 5
min, and pipetted off. Finally, the DNA pellet was allowed to air dry, to remove any
remaining ethanol, and eluted in 50µl of DNA elution buffer (10 mM Tris-Cl, pH 8.5;
Qiagen, Germantown, MD).
The DNA was quantified, in triplicate, using a Nanodrop (Thermo Fisher
Scientific, Waltham, MA) and a Qubit (Invitrogen by Life Technologies, Carlsbad,
CA). Since, the DNA 260/280 and 260/230 quality values on the Nanodrop were
greater than or equal to 1.8 and 1.5, respectively, the sample was submitted to the
Rhode Island Genomics and Sequencing Center (RI GSC) to be prepared and
sequenced on the Illumina Miseq platform. Due to the sample quantity that was
submitted being below the amount needed for processing by Miseq, an amplified
library was created at the RI GSC (Quail et al. 2008 & 2012).

Sequence Analysis
Preliminary analyses and comparisons of Miseq reads from the RI GSC were
performed in CLC Workbench version 8.1, bioinformatics software for nextgeneration sequence analysis. First, the adaptors were removed from the reads. Then
6

the reads were assessed based on the scores in the quality report produced (scores are
averaged across all the reads for each position in the read). Bases were removed that
have a Phred score below 20, and reads were trimmed from both ends to remove the
ambiguous base content. A de novo assembly was performed using the quality
trimmed sequences and the reads were mapped back to the contigs.
Sequences of Camontagnea oxyclada genes (from Genbank) were used to
isolate the contigs belonging to the host’s organellar genomes and the phylogenetic
markers (cox1, cob, rbcL, psaB, psaA, psbA) needed to place this red alga within the
greater context of the red algal TOL. A variety of red algal gene sequences were used
to isolate possible epiphyte contigs from the different organellar genomes, and the
phylogenetic marker gene sequences, based on homology. Sequences identified as
contamination (such as green algae, marine creatures, and bacteria), via BLAST
searching against the Genbank database, were removed from the analyses. Chimeric
contigs, which result when two different sequences are joined together into one contig
by the assembler, were due to a sudden change in coverage on a region of the contig
and removed. Additionally, the coding regions for the phylogenetic markers that were
used (cox1, cob, rbcL, psaB, psaA, psbA) were manually examined in multiple
sequence alignments for irregularities. Further, contigs were removed if they
demonstrated poor quality and low read coverage (e.g. if the gene is known to have
multiple copies within a genome (e.g. 18S), or cell (e.g. cox1), but the contig only had
a few reads mapped to it).

Phylogenetic Analysis
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The epiphyte contig sequences identified were compared to the NCBI Genbank
database using BLASTN to narrow possible species identification. A dataset of
sequences was assembled with species and ordinal level representation for each of the
different marker genes (cox1, cob, rbcL, psaB, psaA, psbA) based on manual data
mining of GenBank. The database sequences were then aligned with the sample
sequences to create a multiple sequence alignment (MSA) using MAFFT version 7 for
each gene (Katoh et al. 2013; Katoh et al. 2002). Individual Neighbor-Joining (NJ)
gene trees were created using Geneious with 500 bootstrap replicates to assess how
well the data supported the tree created. The NJ trees allowed for placement of the
unidentified epiphyte based on pairwise evolutionary distances, and to assess and
refine the sequences in the MSA to provide better phylogenetic resolution for the
placement of the epiphyte.
The optimized individual gene alignments were then concatenated into one
alignment using SequenceMatrix (Vaidya et al. 2011). Next, PartitionFinder was
applied to the concatenated MSA, and it was determined that the general time reversal
(GTR) model (Tavaré 1986) with invariable sites and gamma rate estimated among
sites for all genes best fit the data when partitioned at each codon position (Lanfear et
al. 2012). A Maximum-Likelihood analysis (RAxML; Stamatakis et al. 2008) and a
Bayesian phylogenetic analysis (MrBayes; Huelsenbeck & Ronquist 2001) were
performed to create a phylogenetic tree using the concatenated MSA of the epiphyte
and closest related species sequences to determine the specific phylogenetic placement
of the unidentified epiphyte with better confidence. One million generations of
Bayesian analysis were run, sampling every 100 generations, until the average
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standard deviation of split frequencies was below 0.01. Maximum Likelihood analyses
were performed with the dataset partitioned by codon position for 500 bootstrap
replicates to assess the support for the tree that was created.

Genome Annotation
Host and epiphyte contig sequences were imported into Geneious, version 6.1,
and sorted based on which organellar genome they represented. Additionally, red algal
plastid and mitochondrial genomes that were currently available on Genbank (Table 1)
were imported into separate folders from host and epiphyte contig sequences. Open
reading frames (ORFs) were then found using the Mold Protozoan Mitochondrial and
Bacterial translation tables for the mitochondria and plastid contigs, respectively.
Next, annotation predictions were found in Geneious based on available annotations of
the imported genomes and applied to the contig sequences. Gene annotations were
synthesized based on the homology of the annotation predictions to the contig
sequence, the support for an annotation in a particular sequence region of the contig,
and the ORF predictions provided, and applied to the contig sequence (Ekblom &
Wolf 2014; Yandell & Ence 2012)
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CHAPTER 3

RESULTS & DISCUSSION
Epiphyte Nomenclature
The epiphyte was morphologically assessed and was subsequently named by
Dr. Gary Saunders, at the University of New Brunswick, while the phylogenetic and
genomic analyses were being performed. The name that was given to the epiphyte is
Corynodactylus rejiciendus. The epiphyte is referred to by name or as "the epiphyte"
in the figures, diagrams, tables, and below.
Phylogenetic Analyses
Following trimming and concatenation, the final sequence alignment used for
phylogenetic analyses was composed of 13,510 base pairs and 9 different genes (28S:
2,659, 18S: 1,823, EF2: 1,708, cox1: 1,232, cob: 940, rbcL: 1,362, psaB: 1,260, psaA:
1,566, psbA: 952). The program PartitionFinder (Lanfear et al. 2012) suggested
partitioning each of the protein encoding genes by codon position, resulting in a total
of 23 partitions across the entire dataset.
The RAxML analysis resulted in a maximum-likelihood (ML) tree (Figure 3),
which displayed strong support for the groups at the ordinal level (100% bootstrap
support for all the orders except the Entwisleiales—74%) and mixed levels of
bootstrap support for inter-ordinal relationships. The Acrochaetiales and the
Palmariales were the only two resolved with 100% bootstrap support as sister lineages.
The larger group consisting of the Nemaliales, Colaconematales, Palmariales,
Entwisleiales, and Acrochaetiales was resolved with 99% bootstrap support. The
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Entwisleiales and the Colaconematales had a reasonable amount of bootstrap support
with a value of 74% as sister orders. However, all of the other higher-level
relationships had less than 79% bootstrap support. The intra-ordinal relationships were
overall well resolved, with the majority of the nodes receiving a >90% bootstrap
support. Corynodactylus rejiciendus resolved as sister to the Balliales with 98%
bootstrap support, and Camontagnea oxyclada grouped (with 100% bootstrap support)
with Rhodothamniella floridula, within the Palmariales. This robust phylogenetic
placement of the host is consistent with a recent study which examined the
phylogenetic relationships of the Nemaliophycidae (Lam et al. 2016).
Comparatively, Bayesian posterior probabilities for the relationships between
and within orders were higher, with only 5 nodes having a posterior probability less
than 0.95 (Figure 4). A notable difference between the ML and Bayesian trees is the
increased support for the inter-ordinal relationships. For example, in the ML topology
the Balbianiales group sister to the Balliales and Corynodactylus rejiciendus with only
47% bootstrap support. While in the Bayesian topology, this relationship is more
strongly supported with a posterior probability of 0.92. Camontagnea oxyclada (host)
still consistently resolved, with complete support, as sister to Rhodothamniella
floridula, and Corynodactylus rejiciendus (epiphyte) grouped, with a posterior
probability of 1, as sister to the Balliales. Despite being strongly associated to Ballia
there is a large genetic distance between Corynodactylus rejiciendus and this genus.
The association of the long branch of Corynodactylus with the Balliales, also
located on a long branch, could be an indication of long-branch attraction. Longbranch attraction results when distantly related lineages are incorrectly placed within
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the phylogenetic tree as closely relatives. This close association occurs solely because
both lineages have undergone a large amount of genetic change and appear more
similar to each other than to the rest of the organisms within the phylogeny that is
being examined (Bergsten 2005). A method to determine if long-branch attraction is
happening in a phylogeny is to compare the location of a long branch (in this case the
Balliales) before and after the inclusion of the new species (Siddall & Whiting 1999).
When the Nemaliophycidae phylogeny is examined without the presence of
Corynodactylus (Lam et al. 2016) the location of the Balliales does not change as
sharing its common ancestor with the Balbianiales. Therefore, the location of
Corynodactylus as sister to the Balliales is less likely a result of a long-branch
attraction to the Balliales. Instead this new species helps to break up the Balliales
long-branch with another data point, providing further support for its location, and
helps to clarify a problematic portion of the phylogeny. Additionally, the size of the
genetic distance between Corynodactylus and the Balliales suggests the potential
existence of other undiscovered species. When this epiphyte was discovered in
Tasmania, Australia, it was an unintentional collection located on the target organism
of the diversity study, Camontagnea oxyclada. It is not currently known whether this
is an obligate epiphyte on Camontagnea oxyclada. As a result, targeted collection of
other substrates, such as rocks and other algae, could result in the revelation of other
new microscopic species that phylogenetically group in this area of the tree, further
breaking up these long branches.
As with several other red algal studies (Kucera & Saunders, 2012; Le Gall &
Saunders, 2010; McIvor et al. 2001; Popolizio et al. 2013; Schneider 2005, 2007,
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2008, 2010, 2011, & 2014; Saunders 2008; Zuccarello & West 2003) the classification
and phylogenetic placement of this new epiphyte in the red algal tree of life has helped
to uncover a new florideophyte order and further clarify red algal diversity. This new
florideophycean order firmly resolves within the Nemaliophycidae phylogenetic tree
and, as mentioned above, provides another small link in resolving a problematic
portion of the tree. The presence of this new order, comprised of organisms with
reduced morphology (i.e. Corynodactylus rejiciendus), suggests that collection,
classification, and phylogenetic placement of these organisms will provide new data to
aid in clarifying red algal diversity and resolving the red algal tree of life. Due to the
reduced morphology (i.e. species possessing fewer morphological characters), it will
be harder to differentiate between unique species and classify them based on
morphology. However, this problem can be overcome through the use of genetic data
to facilitate phylogenetic placement, as was presented here.
Lam et al. 2016 recently published a multigene phylogeny of the
Nemaliophycidae. As compared to Lam et al. 2016, the inclusion of the epiphyte
reduced bootstrap support (47% versus 79%) and posterior probability (0.92 versus
1.0) for the node between the Balliales and the Balbianiales (Figures 3 & 4). The
overall bootstrap support for the ML tree stayed consistent between this study and the
Lam et al. phylogeny, however, there was some fluctuation in support for inter-ordinal
relationships. For example, there was increased support for the node marking the
divergence of the Thoreales-Rhodachlyales clade and the Balliales-BalbianialesNemaliales-Colaconematales-Entwisleiales-Acrochaetiales-Palmariales clade (Figures
3 & 4). Additionally, there was a decrease in support, by almost half, of the node that
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demarks the divergence of the Balliales-Balbianiales clade and NemalialesColaconematales-Entwisleiales-Acrochaetiales-Palmariales clade (Figure 3). The
overall posterior probabilities were also consistent with Lam et al. 2016, with only a
few inter-ordinal fluctuations concerning the same clades as above.
The most notable difference between the ML and Bayesian trees reported here,
as compared to each other and Lam et al. 2016, refers to the association of the
Colaconematales-Entwisleiales clade. In the ML tree this clade groups with the
Nemaliales, while in the Bayesian tree this clade groups with the PalmarialesAcrochaetiales clade. Despite this difference, the bootstrap support for this association
is only 51% (posterior probability is 1.0). Therefore, the grouping of the
Colaconematales-Entwisleiales clade is more strongly linked to the PalmarialesAcrochaetiales clade than the Nemaliales. The stronger linking of the
Colaconematales-Entwisleiales with the Palmariales is in contrast to the Lam et al.
2016 ML tree reported, however they only reported a 47% bootstrap support and 0.7
posterior probability for the sister relationship of the Nemaliales, Colaconematales,
and Entwisleiales. This change in ordinal association makes sense in terms of
morphology as the organisms that comprise the Colaconematales, Acrochaetiales, and
Entwisleiales are generally filamentous, branched red algae, and would now be
grouped as more closely related in the Nemaliophycidae phylogeny. Increased taxon
sampling has been demonstrated to improve phylogenetic resolution (Saunders &
Hommersand 2004; Verbruggen et al. 2010; Verbruggen & Theriot 2008), therefore,
the change in phylogenetic relationships between clades reported here is most likely
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due to the inclusion of this new red algal epiphyte, Corynodactylus rejiciendus in the
phylogenetic analysis.
Organellar Genome Annotations
Mitochondrion contigs size & gene content
There were several mtDNA contigs recovered from the Miseq sequencing data.
For Camontagnea oxyclada a single mtDNA contig was recovered with a length of
36,861 base pairs. The total GC content of this host contig is 30.3%. On the other
hand, three mtDNA contigs were recovered for Corynodactylus rejiciendus with the
following lengths; 4,101, 4,289, and 7,926 base pairs. These contigs had total GC
contents of 31.1%, 28.7%, and 29.2%, respectively. The GC content of the host and
epiphyte contigs are only a little above the average GC content of 28.7% observed in
the Florideophytes (Yang et al. 2015). Since only partial fragments of the
Corynodactylus rejiciendus mtDNA genome were recovered it isn’t possible to draw
conclusions about if its genome size is larger or smaller than the average. However,
almost all of the host mtDNA was recovered. The length of the contig recovered is
approximately 10,000 base pairs larger than the average size reported for the
florideophytes, and about 7,000 base pairs larger than the only available
Nemaliophycidae mtDNA genome, Palmaria palmata (Yang et al. 2015). There are,
however, several Bangiophycean mitochondrion genomes that are larger than the
recovered host mtDNA. Since the Palmaria palmata genome diverges after
Camontagnea oxyclada it is possible that the size of the host mtDNA is valid and that
the reduction in genome size occurred later within the Nemaliophycidae tree of life. In
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order to confirm the size of the Camontagnea oxyclada mitochondrion genome and
close the genome, PCR amplification must be carried out.
Almost all of the anticipated genes found within the mtDNA were recovered for
the host, yet less than half of the mtDNA genes were recovered for the epiphyte (Table
2). The host contig had 26 intron-free genes, in addition to the small and large
ribosomal subunits, 5S RNA, as well as 20 transfer RNAs (tRNAs) that were
recovered, including one pseudo-tRNA. Across the epiphyte contigs there were 11
intron-free genes recovered, including the small ribosomal subunit and part of the
large ribosomal subunit, in addition to 14 tRNAs. The number of genes recovered for
the host mtDNA is on par with the average 24.6 coding sequences that have been
recovered for the Florideophycean lineages. On the other hand, the epiphyte had less
than half the average number of genes seen in the Florideophytes recovered on the
contig fragments of mtDNA (Yang et al. 2015). Also, the large and small ribosomal
RNA was recovered for the host, which is consistent with other Florideophycean
species. Additionally, the 5S rRNA was recovered for the host mtDNA. This is
unusual when compared to the more recently diverged Palmaria palmata, though
other organisms within the Florideophyceae possess 5S rRNA, such as Chondrus
crispus. Conversely, as only fragments were recovered, in the epiphyte only the small
ribosomal RNA was recovered, along with a section of the large ribosomal RNA. The
presence of the large rRNA fragment indicates that this could potentially be easily
recovered with PCR amplification extending the epiphyte contig. In addition to these
genes, the host possesses an additional pseudo-tRNA, and the 20 tRNAs that were
recovered for the host consistently places it within the rest of the Florideophytes,
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although it possesses two less than the Palmaria palmata genome. Only a fraction of
the average tRNAs that are observed in the florideophytes were recovered for the
epiphyte due to only approximately half of the mtDNA being recovered.
Out of the 26 potential mitochondrion genes (compared with the only publically
available Nemaliophycidae mitochondrion genome, Palmaria palmata), the only gene
that wasn’t recovered for the host mtDNA contig was the ribosomal protein rpl20.
This protein coding gene was also absent in the epiphyte contigs, in addition to several
other protein coding genes. Additionally, several of the epiphyte mtDNA protein
encoding genes that were recovered weren’t complete, as they fell at the edge of
contigs (Table 2). rpl20 is the gene that is most frequently lost in red algal
mitochondrion genomes due to its high AT content, and it is absent in 18 out of 35
currently available mtDNA genomes. Furthermore, the loss of this gene has yet to be
correlated with phylogenetic relationships (Yang et al. 2015). Therefore, its absence in
the host mtDNA could be because it was lost (regardless of the fact that this gene is
present in the Palmaria palmata genome, since its loss isn’t correlated to phylogenetic
relationship), or it could be located in a piece of the mitochondrion genome that
wasn’t recovered in our data. In order to determine definitively if rpl20 was lost in the
host mtDNA the genome would need to be completed using PCR amplification.
The most notable gene recovered was the cox1 gene, as it was only partially
recovered for both the host and epiphyte, yet it was located in the middle of a contig
for both organisms. The gaps on either side of the partial cox1 gene were assessed to
determine if the sequence coverage increased or decreased significantly (compared to
the average coverage across the contig), and if the number of mutations present

17

suggested that the assembler had created a chimeric contig. For both the host and the
epiphyte contigs, neither the coverage nor the amount of mutations in the sequences
mapped to the contigs suggested a chimeric contig had been created. For both the host
and epiphyte, there are multiple open reading frames (ORFs) that are homologous with
cox1 when BLASTn searched against the GenBank database. For Ca. oxyclada these
ORFs are consecutive, while for Co. rejiciendus these ORFS are separated by a gap. It
is unlikely that for the Co. rejiciendus genome the cox1 gene has been broken up by
another gene, and more likely that this gap is an intron that is present in the cox1 gene.
However, PCR amplification across the region where the partial cox1 gene is located,
in the host and epiphyte contigs, is needed to confirm the arrangement and presence of
the rest of the cox1 gene and any introns that may be present.
The Mauve alignment program creates multiple genome alignments so that
genomes can be compared despite large-scale evolutionary processes that have
resulted in rearrangements, and additions and deletions of sequences within genomes
(Darling et al. 2004). The Camontagnea oxyclada (host) was aligned to the Palmaria
palmata mtDNA genome (Figure 5). Palmaria palmata is the closest phylogenetic
relative (as of March 18, 2016) on GenBank to the host and the epiphyte (Figure 3).
The red block represents the secY and rps12 genes and is inverted for Co. oxyclada
and Ca. rejiciendus mitochondrion genomes (Figure 5). This indicates that in the
Palmaria palmata genome, this inversion has probably happened recently. Palmaria
palmata is more recently evolved, compared to the host and epiphyte, within the
Nemaliophycidae (Figure 3). The secY-rps12 gene region is inverted for all the other,
earlier-diverging mtDNA genomes, compared to the section of the Palmaria palmata
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mtDNA genome (Figure 6; Yang et al. 2015). The green block, on the other hand,
indicates the small ribosomal RNA, and is conserved between the three organisms
(Figure 5). The large ribosomal RNA is conserved as part of the large red block, but
isn’t identical between these organisms as there is an intron present in the Palmaria
palmata genome that is absent in the Camontagnea oxyclada and Corynodactylus
rejiciendus mtDNA genomes (Figure 5).
The smaller red block on the other epiphyte contig represents the atp9-sdh3sdh2-nad6-cob segment and is conserved across all three organisms as well (Figure 5).
The teal block on the third epiphyte contig represents the cox1 gene and surrounding
sequence. This unique arrangement of the cox1 gene is conserved across the host and
epiphyte (Figure 7). In addition to these conserved areas, the following regions that are
strictly conserved across red algal mitochondrion genomes; nad2-sdh4-nad4-nad5atp8-atp6, and the majority of the ymf39-cox3-cox2-cox1 and rpl20-rrs-nad4L-rrl
regions are conserved in the recovered Camontangea oxyclada mitochondrion genome
contig (Yang et al. 2015). The majority of these conserved regions fall within the red
block, with a piece of the conserved ribosomal RNA region located in the teal block
(Figure 5).
Plastid contigs size & gene content
As with the mtDNA, there were several contigs recovered for the host and
epiphyte ptDNA. For Camontagnea oxyclada there were two contigs identified, which
were 148,954 and 38,382 base pairs long with total GC content of 31.2% for both
contigs. Three epiphyte contigs, of lengths 88,231, 68,553, and 25, 980, were
recovered for the plastid genome. The total GC contents were 37.7%, 38.3%, and
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37.1%, respectively, for the epiphyte ptDNA contigs. The combined length of the host
and epiphyte genome contigs (187,336 and 182,764 base pairs long, respectively) puts
the length of these genomes in the low to mid-range of previously annotated ptDNA
genomes, and both genomes still need to be completed. However, there are no plastid
genomes currently available from a species within the Nemaliophycidae (Janouškovec
et al. 2013). The GC content of the host contigs is also consistent with the average GC
content of the other available plastid genomes. However, the GC content of the
epiphyte contigs is on the high side of the red algal ptDNA genome GC content. This
may be because a larger portion of the epiphyte ptDNA genome was not recovered, as
compared to the host, and the recovered portion represents the more GC rich portion
of the genome.
A total of 178 intron-free genes and 29 tRNAs were recovered from the two host
contigs (Table 3 and Table 5). For the epiphyte, 161 intron-free genes and 25 tRNAs
were recovered across the three different plastid genome contigs (Table 3 and Table
5). There are 208 protein coding genes that can be found across all red algal plastid
genomes in addition to the ribosomal RNA (5S, 16S, and 23S) and nuclear RNA
(ncRNA; rnpB) (Grzebyk et al. 2003). Many of these genes have been established as
conserved within the red algal plastids, while the presence of others is more variable
within the plastid genomes (Grzebyk et al. 2003). Among the two Camontagnea
oxyclada plastid contigs there are 13 conserved expected protein coding genes that
were not recovered. Conversely, there were 23 conserved protein coding genes we
expected to find that were not recovered from the epiphyte contigs. The most notable
genes that were not recovered on any of the three contigs for Ca. rejiciendus were the
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ribosomal RNAs, but these three ribosomal RNAs were recovered on the largest host
contig. Additionally, rnpB, the nuclear RNA, was recovered for both the host and
epiphyte.
As with the mitochondrion contigs, the plastid genome contigs were aligned using
Mauve and the closest phylogenetic relative (as of March 18, 2016), Calliarthron
tuberculosum, as a reference. The red block, in the larger of the Camontagnea
oxyclada ptDNA contigs, begins with the chlL-chlN genes and goes until the ycf60rps6 genes, just before the ribosomal RNA subunits (Figure 8). This segment of the
host ptDNA genome, approximately 23,000 base pairs long, is inverted on the
complementary strand as compared to the reference genome (Figure 8). The same
section of the plastid genome is also inverted for the epiphyte ptDNA, and is located
on the smallest epiphyte contig (Figure 9). This 23,000 base pair inversion is
consistent with the inverted gene region that can be observed in other previously
analyzed ptDNA genomes that diverge within the Florideophyceae and the
Bangiophyceae (Chondrus cripsus, Gracilaria tenuistipitata, and Porphyra purpurea)
(Janouškovec et al. 2013). As with the mitochondrion genomes, the inversion of this
gene region indicates the presence of mechanisms that have evolved to allow for the
switching of strands to translate and transcribe these genes. This inverted gene region
could represent a characteristic that is also conserved for Nemaliophycidae plastid
genomes. For both the epiphyte and the host the rest of the ptDNA isn’t inverted, as
compared with the Calliarthron tuberculosum genome. This is also consistent with the
Chondrus crispus and Grateloupia lanceola plastid genomes, which diverge in a
subclass, Rhodymeniophycidae, more recently than the Nemaliophycidae
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(Janouškovec et al. 2013; Verbruggen et al. 2010). This could represent a
characteristic that is potentially conserved within the rest of the Nemaliophycidae
species, however, there aren’t any other plastid genomes from this subclass to test this
hypothesis.
tRNAs & introns
The presence of tRNAs was determined using the tRNA prediction tool
tRNAscan-SE search server (http://lowelab.ucsc.edu/tRNAscan-SE; Lowe & Eddy
1997; Schattner et al. 2005). The presence of introns was tested using the intron
prediction tool RNAweasel (http://megasun.bch.umontreal.ca/cgibin/RNAweasel/RNAweaselInterface.pl; Lang et al. 2007). The presence of tRNAs
was assessed for the mitochondrion and plastid genome contigs for both the host and
epiphyte (Table 4 and Table 5, respectively). The host and epiphyte mitochondrion
and plastid genes are intron-free except for introns in the cox1 gene in the host and
epiphyte mitochondrion genome, as it is currently assembled. However, the presence
of these introns needs to be confirmed with PCR amplification and further
examination.
The number of introns recovered in the mtDNA is less than can be found in the
Palmaria palmata mitochondrion genome, a close relative of the host. For the plastid
genome contigs, no introns were recovered on the host and epiphyte contigs, which is
not consistent with the number of introns present in the closest phylogenetically
related organism that diverges before these species, Calliarthron tuberculosum
(Janouškovec et al. 2013). However, bangiophycean species, are more anciently
diverged compared with the Florideophyceae and do not have any introns present in
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their ptDNA (Janouškovec et al. 2013). Of note, is that there was no ptDNA intron
present in the trnMe, a characteristic considered to be conserved within the
Florideophyceae (Janouškovec et al. 2013).
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CHAPTER 4

CONCLUSIONS

The use of genetic material facilitated the identification and classification of the
red algal epiphyte that consists of only a few cells at maturity. This genetic material
was able to provide a robust phylogenetic placement for the epiphyte that resulted in
overall minor changes with regards to the support for the nodes of the
Nemaliophycidae phylogenetic tree. The inclusion of this new species,
Corynodactylus rejiciendus, in the red algal phylogeny has helped to break up a longbranch to the Balliales. The long-branch where Corynodactylus rejiciendus is located
suggests the possibility of more species within this new order. This is further
supported by the fact that this particular epiphyte was found accidentally through
collection of the Camontagnea oxyclada. Moreover, the inclusion of the epiphyte
caused one notable, major change to the Nemaliophycidae phylogenetic tree. The
Colaconematales-Entwisleiales clade associated more strongly with the PalmarialesAcrochaetiales clade, contrary to previous work. This change in phylogenetic
grouping changes how we regard the progression of red algal evolution and when each
of the Nemaliophycidae orders diverged, and groups morphologically similar orders
together within the Nemaliophycidae TOL.
The mitochondrion and plastid genome contigs that were recovered for both the
host and epiphyte, have provided further insight into the evolution of red algal genes
overall, and more specifically within the Nemaliophycidae. This is especially true for
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the genes that were recovered as part of plastid genome contigs for Camontagnea
oxyclada and Corynodactylus rejiciendus as no Nemaliophycidae plastid genome is
currently available on Genbank. The annotation of the mtDNA genome contigs for the
host and epiphyte has revealed a unique inversion that arose in Palmaria palmata. The
secY-rps12 genes switched in P. palmata to the sense strand from their location on the
anti-sense strand for more anciently diverged organisms. Strictly conserved gene
regions present in other red algae were confirmed as being consistent in the recovered
host mtDNA contig. Additionally, the recovered mtDNA and ptDNA genome contigs
for the host and epiphyte were determined to be overall consistent with previously
acquired red algal genomes.
Future work will include further examination of the organellar genome contigs for
the host and epiphyte. The arrangement and placement of the cox1 gene needs to be
confirmed and both the Camontagnea oxyclada and Corynodactylus rejiciendus
mitochondrion and plastid genomes need to be closed. Once the host and epiphyte
organellar genomes are closed they will provide a complete, as opposed to partial,
picture of the progression of gene evolution within the Nemaliophycidae to
compliment the phylogenetic tree which includes this new red algal epiphyte,
Corynodactylus rejiciendus.
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Table 1: The Florideophyceaen mitochondrion and plastid genomes available in
Genbank as of February 29, 2016 that were used for annotation. Accession numbers
are in parentheses.
Mitochondrion genomes
Plastid genomes
Chondrus crispus (NC020795)
Ahnfeltia plicata (NC026054)
Calliarthron tuberculosum (NC021075)
Calliarthron tuberculosum (NC027061)
Vertebrata lanosa (NC026523)
Chondrus crispus (NC001677)
Grateloupia taiwanensis (NC021618)
Palmaria palmata (NC026056)
Gracilaria tenuistipitata var. liui
(NC006137)
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Table 2: Protein coding genes found in the host and epiphyte mitochondrion DNA. +
indicates gene was present in the genomic contigs, - indicates gene was not found in
the genomic contigs, and * indicates a gene which was only partially recovered in our
data.
C. oxyclada
Epiphyte
Electron transport and
oxidative phosphorylation

atp6
atp 8
atp9
cob
cox1
cox2
cox3
nad1
nad2
nad3
nad4
nad4L
nad5
nad6
sdh2
sdh3
sdh4
secY
ymf39
Ribosomal protein genes
rps3
rpl16
rps11
rps12
rpl20
Ribosomal RNA genes
rRNA SSU
rRNA LSU

+
+
+
+
+*
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+*
+
+*
+
+
+
+
+
-

+
+
+
+
-

+
+
-

+
+

+
+*
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Table 3: Protein coding genes found in the host and epiphyte plastid DNA. + indicates
gene was present and, - indicates gene was not found in our data.
C. oxyclada
Epiphyte
Protein coding genes
+
+
accA
+
+
accB
+
+
accD
acpA
+
+
acpP
+
+
acsF
+
+
apcA
+
+
apcB
+
+
apcD
+
+
apcE
+
+
apcF
+
argB
+
+
atpA
+
+
atpB
+
+
atpD
+
+
atpE
+
+
atpF
+
+
atpG
+
+
atpH
+
+
atpI
+
+
bas1
+
carA
+
+
cbbX
+
+
ccsA
+
ccs1
+
+
cemA
+
+
chlB
+
+
chlI
+
+
chlL
+
+
chlN
+
+
clpC
+
+
cpcA
+
+
cpcB
+
+
cpcG
+
+
cpeA
+
+
cpeB
+
dfr
dnaB
+
+
dnaK
dsbD
+
+
fabH
fdx
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ftrB
ftsH
glnB
gltB
groEL
grx
hisH
hisS
ilvB
ilvH
infB
infC
moeB
nblA
ntcA
odpA
odpB
ompR
pbsA
petA
petB
petD
petE
petF
petG
petJ
petL
petM
petN
pgmA
preA
psaA
psaB
psaC
psaD
psaE
psaF
psaI
psaJ
psaK
psaL
psaM
psbA
psbB
psbC
psbD

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

psbE
psbF
psbH
psbI
psbJ
psbK
psbL
psbN
psbT
psbV
psbW
psbX
psbY
psbZ
psb30
rbcL
rbcR
rbcS
rne
rpoA
rpoB
rpoC1
rpoC2
rpoZ
secA
secG
secY
sufB
sufC
syfB
tatC
thiG
thiS
tilS
trpA
trpG
trxA
tsf
tufA
upp
Ribosomal protein genes
rpl1
rpl11
rpl12
rpl13
rpl14

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+

+
+
+
+
+
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rpl16
rpl18
rpl19
rpl2
rpl20
rpl21
rpl22
rpl23
rpl24
rpl27
rpl28
rpl29
rpl3
rpl31
rpl32
rpl33
rpl34
rpl35
rpl36
rpl4
rpl5
rpl6
rpl9
rps1
rps10
rps11
rps12
rps13
rps14
rps16
rps17
rps18
rps19
rps2
rps20
rps3
rps4
rps5
rps6
rps7
rps8
rps9
Hypothetical protein
genes
ycf17
ycf19

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

+
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ycf20
ycf21
ycf22
ycf23
ycf29
ycf3
ycf33
ycf34
ycf35
ycf36
ycf37
ycf38
ycf39
ycf4
ycf41
ycf45
ycf46
ycf49
ycf52
ycf53
ycf54
ycf55
ycf56
ycf57
ycf58
ycf60
ycf63
ycf65
ycf80

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-
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+
+
+
+
+
+
+
+
+
+
+
+
-

Table 4: tRNA found in host and epiphyte mtDNA. + indicates a single copy, indicates tRNA was not present in our data.
Transfer RNA genes
C. oxyclada
Epiphyte
Ala/A
+
Arg/R
+
+
Asn/N
+
+
Asp/D
Cys/C
+
Gln/Q
+
+
Glu/E
+
+
Gly/G
++
++
His/H
Ile/I
Leu/L1
+
+
(UUA/G)
Leu/L2
+
(CUN)
Lys/K
+
+
Met/M
++
+
Phe/F
+
+
Pro/P
+
+
Pseudo
+
SeC
+
Ser/S1
+
+
(UCN)
Ser/S2
+
(AGU/C)
Thr/T
Trp/W
Tyr/Y
+
Val/V
+
+

33

Table 5: tRNA found in host and epiphyte ptDNA. + indicates a single copy, indicates tRNA was not present in our data.
Transfer RNA genes
C. oxyclada
Epiphyte
Ala/A
+
Arg/R
+++
+++
Asn/N
+
+
Asp/D
+
+
Cys/C
+
+
Gln/Q
+
+
Glu/E
+
+
Gly/G
++
++
His/H
+
+
Ile/I
+
Leu/L1
+
++
(UUA/G)
Leu/L2
+
+
(CUN)
Lys/K
+
+
Met/M
+
+
Phe/F
+
+
Pro/P
+
+
Ser/S1
++
+
(UCN)
Ser/S2
+
+
(AGU/C)
Thr/T
++
++
Trp/W
+
+
Tyr/Y
+
+
Val/V
++
+
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Figure 1: A diagram of Rhodophyta systematics, based on the findings of Lam et al.
2016 and Verbruggen et al. 2010.
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Figure 2: Pictures taken by Dr. Gary Saunders of Corynodactylus rejiciendus
(epiphyte) growing on the red algal host, Camontagnea oxyclada. In these images the
uprights can be observed, along with the terminal monosporangia. This likely indicates
this organism is in its mature state, and not a fragment of the total size.

25µm

25µm
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Figure 3: A
Maximum
Likelihood
phylogenetic tree
with 500 bootstrap
replicates based on
the concatenated
gene dataset (28S,
18S, EF2, cox1,
cob, rbcL, psaB,
psaA, and psbA).
The nodes are
labelled with the
bootstrap support
values.
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Figure 4: A
Bayesian
phylogenetic tree
based on the
concatenated gene
dataset (28S, 18S,
EF2, cox1, cob,
rbcL, psaB, psaA,
and psbA). Nodes
are labelled with
the bootstrap
support values.
The most
significant
difference between
this tree and the
ML tree is the
affinity of the
ColaconematalesEntwisleiales
clade as more
closely related to
the PalmarialesAcrochaetiales
clade than with the
Nemaliales.

Figure 5: Mauve alignment of the Camontagnea oxyclada (host) and of the two of the Corynodactylus rejiciendus (epiphyte)
mitochondrion DNA contigs with the closest phylogenetically related species (currently available on GenBank as of March 18, 2016),
Palmaria palmata, as a reference mitochondrion genome. Contigs were aligned to each other in order to easily compare conserved
regions. The green block represents the secY and rps12 genes, and the teal block represents the small rRNA. The red lines denote the
small and large rRNA in Palmaria palmata.
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Figure 6: A mauve alignment of the Palmaria palmata, Ahnfeltia plicata, Chondrus crispus, Calliarthron tuberculosum genomes with
the host and epiphyte contigs containing the secY-rps12 gene region (yellow block) showing that this section of mtDNA is inverted in
all but the Palmaria palmata genome. The red lines indicate the ribosomal RNA.
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Figure 7: Mauve alignment of the Corynodactylus rejiciendus (epiphyte) mitochondrion DNA contig containing cox1 with the host
mtDNA contig and Palmaria palmata as reference mitochondrion genomes. The contigs were aligned in order to easily compare how
the unique cox1 region that is recovered for the epiphyte is also conserved in the host.
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Figure 8: Mauve alignment of Camontagnea oxyclada (host) plastid DNA contigs with closest phylogenetically related species
(currently available on GenBank as of March 18, 2016), Calliarthron tuberculosum, as a reference plastid genome. The red block
represents the the chlL-chlN genes through the ycf60-rps6 genes, just before the ribosomal RNA subunits, and is inverted on
Camontagnea oxyclada when compared to the reference genome. Contigs were aligned so as to compare this conserved region across
the two organisms’ genomes. The red line represents the ribosomal RNA of Calliarthron tuberculosum.
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Figure 9: Mauve alignment of Corynodactylus rejiciendus (epiphyte) plastid DNA contigs with the closest phylogenetically related
species (currently available on GenBank as of March 18, 2016), Calliarthron tuberculosum, as a reference plastid genome. The
smallest contig represents the the chlL-chlN genes through the ycf60-rps6 genes, just before the ribosomal RNA subunits, and is
inverted in Corynodactylus rejiciendus as compared with the reference genome. The contigs were aligned in order to easily compare
several regions that are conserved across the two organisms’ genomes, and to highlight this conserved, inverted region in the epiphyte
contig. The red line indicates the rRNA on the Calliarthron tuberculosum ptDNA genome.
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